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INTRODUCTION

25
Anaerobic ammonium oxidation (anammox) process has been regarded as an efficient, cost 26 effective and environmental friendly alternative to conventional nitrogen removal process due to 27 lower oxygen demand, no external carbon source requirement, lower sludge production and less N 2 O 28 gas emission (Kartal et al., 2010; Kuenen, 2008; Okabe et al., 2011) . Anammox process has been 29 installed for various wastewaters treatment, and there are presently more than 100 full-scale 30 anammox plants around the world (Lackner et al., 2014) . One of the remaining important challenges 31 in practical application of anammox process is slow and unstable start-up due to their slow growth 32 rate (Ali et al., 2014a; Awata et al., 2013; Jetten et al., 1999; Oshiki et al., 2011; Park et al., 2010; 33 van der Star et al., 2007) . To further promote the full-scale anammox installations, it is required to 34 establish a more rapid and reliable start-up method. For rapid and successful start-up of anammox 35 process, a sufficient amount of seeding biomass is essential, and the inoculated biomass must be 36 efficiently retained in the reactor. Biomass washout due to production of N 2 gas bubbles was another 37 cause of the failure of process start-up (Chen et al., 2010; Dapena-Mora et al., 2004) .
38
In order to secure enough seeding biomass, the preservation of anammox biomass could be one 
45
In order to efficiently retain the inoculated biomass in a reactor, biomass could be immobilized in 46 gel beads, which allows us to operate the reactor at high nitrogen loading rates (i.e., at short 47 hydraulic retention time) without nitrite inhibition and biomass washout (Isaka et al., 2006; Magrí et 48 al., 2012; Vogelsang et al., 1999) . This reactor operation is suitable for cultivation of anammox bacteria (Tsushima et al., 2007a) . Anammox bacteria were successfully immobilized either in 50 polyvinyl alcohol (PVA) (Magrí et al., 2012) , sodium alginate (SA) (Zhu et al. 2009 ), mixture of 51 PVA and SA (Ali et al., 2014b; Quan et al., 2011) , or polyethylene glycol (PEG) (Isaka et al., 2011), 52 and the reactors consisting of these immobilized gel beads could achieve the nitrogen removal rates reactor) in reactor 1 to 6, respectively (Table S1 ). Likewise, granular biomass (Φ 4~5 mm) was 106 harvested from the parent reactor and transferred to the same 10-ml glass column reactor with a 107 packing ratio of 30% that corresponds to the biomass concentration of 2.5 g-VSS L -1 (Fig. 1D ).
108
These column reactors were fed with synthetic medium and operated for 35 days at 37°C. Tissue-Tek optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA) at -30ºC.
148
Thin sections (20 µm in thickness) of biomass were prepared using a cryostat (Reichert-Jung Cryout , 1997a) . The microelectrodes were prepared, calibrated, and operated as previously described 
Effective diffusion coefficient
169
Effective diffusion coefficients of the granular and immobilized biomass were directly 170 measured by using LIX-type NH 4 + specific microelectrode as suggested previously (Stewart, 2003) .
171
Briefly, the granular and immobilized biomass were washed thrice with deionized water before 172 measurements. Both the granular and immobilized biomass were incubated in a small flow chamber (300-mL volume) filled with 100 mL of medium containing 1 mM NH 4 + (without NO 2 -and NO 3 -).
9
An ammonium specific microelectrode was inserted perpendicular to the respective biomass at 500 µm depth from the surface. At steady microelectrode reading, 10 mL of 100 mM NH 4 + solution was added to increase NH 4 + concentration of bulk solution to 10 mM. The steady reading was defined as 177 the point at which fluctuation in reading for 20 seconds became lower than 0.1 mV. The time was 178 recorded to attain the reading corresponding to 90% of bulk solution concentration (9 mM NH 4 + ).
179
Strict anoxic condition was maintained by purging N 2 gas to avoid oxidation of NH 4 + by nitrifiers. Fick's second law of diffusion as described previously (Lorenzen et al., 1998; Nakamura et al., 2004 (10 µm in thickness) by using a cryostat (Reichert-Jung Cryout 1800, Leica, Bensheim, Germany).
205
These thin sections were pasted on silica wafers. An in situ survey of spatial distribution of concentrations in all reactors except for reactor 6 became below 15 mg L -1 to avoid nitrite inhibition 218 (Fig. S1 ). NRRs increased with time in all the reactors (Fig. 2) . (Fig. 1E) . For initial few days, NRRs were dependent on the initial 226 biomass content: the higher initial biomass concentrations resulted in higher NRRs (Fig. 2) . The 
Specific anammox activity of immobilized biomass
243
To explain the better performance of the immobilized biomass reactor, specific anammox 244 activity (SAA) was determined after 35-day operation by measuring the production of mixed labelled concentration profiles determined by microelectrode measurements (Fig. 3) . , and pH in the granular and immobilized biomass were measured up to a depth of 1100 µm with 100 µm step size ( Fig. 3A and B) . The NH 4 + and NO 2 concentrations concomitantly decreased while the concentration of NO 3 -and pH increased inside the 276 granular and immobilized biomass, which indicates typical evidence of anammox activity.
277
In the granular biomass, high NH 4 + and NO 2 + consumption rates were observed only in the 278 outer 600 µm (Fig. 3C) . Even though NH 4 + and NO 2 -concentrations still remained at high levels, no 279 significant anammox activity was observed below 600 µm depth. This is probably because pH was 
286
In contrast, moderate NH 4 + and NO 2 -consumption and NO 3 -production rates were evenly 287 observed throughout the immobilized biomass (down to 1,100 µm) (Fig. 3D) . pH around 7.6~7.8 288 was unchanged throughout the immobilized biomass. These experimental data suggested that 289 substrates and bicarbonate were rapidly replenished from the bulk solution since the effective 290 diffusion coefficient in the immobilized biomass was three times higher than one in the granular 291 biomass ( Table 2 ). To our knowledge this is the first report presenting experimental evidence to 292 explain the high anammox activity in the immobilized biomass.
293
Substrate transport limitation due to the low diffusivity in the granular biomass resulted in 294 the localization of anammox activity ( Fig. 3A and 3C ) and consequently bacterial cells (biomass) in 295 the outer layer (Fig. 4 and Fig. S2 ). Similar localizations of bacterial cells or biomass density in the 296 anammox granules and biofilms were reported previously (Kindaichi et al., 2007; Lin et al., 2013; 297 Tsushima et al., 2007b) . High biomass density and low effective diffusion of substrates created the 298 sharp decrease in NH 4 + and NO 2 + concentrations and pH increase in the granular biomass (Fig. 3A) .
Anammox biomass in the inner part of the granule biomass did not contribute to the overall nitrogen 300 removal. In contrast, due to the higher diffusivity the substrate transport was accelerated to sustain 301 the activity of anammox bacteria throughout the immobilized biomass, which leads to the 302 homogeneous distribution of anammox biomass (Fig. 4B and Fig. S2 ) and consequently the higher
303
SAA than the granular biomass ( Table 1) . It should be noted that biomass concentration is important 304 for the immobilized biomass reactors whereas specific surface area is more important than biomass 305 concentration for the granular biomass reactor due to substrate transport limitation. The spatial distributions of in situ anammox activity of the immobilized and granular 308 biomass were further investigated by measuring 13 C-bicarbonate incorporation of anammox bacterial 309 cells by using a secondary ion mass spectrometry (SIMS) (Fig. 5) . Much higher incorporation of analysis.
316
For this experiment, selection of isotope-labelled substrate and incubation time were 317 important to avoid cross-feeding of isotope (Kindaichi et al., 2004; Okabe et al., 2005) . is an efficient strategy to initiate anammox reactors with minimal quantity of anammox biomass.
335
 The effective diffusion coefficient in the immobilized biomass (gel beads) was directly 336 determined by microelectrodes and found to be more than three times higher than one in the 337 naturally aggregated granular biomass. The substrate transport was accelerated to sustain the 338 activity of anammox bacteria in the inner part of the immobilized biomass, which consequently 339 resulted in the higher nitrogen removal rate than the granular biomass.
340
A considerably small amount of anammox biomass is enough for successful establishment PVA-SA gel immobilization is an efficient way to initiate anammox process with less biomass
